Testosterone plays a central role in the facilitation of male-type social behaviors, such as sexual and aggressive behaviors, and the development of their neural bases in male mice. The action of testosterone via estrogen receptor (ER) α, after being aromatized to estradiol, has been suggested to be crucial for the full expression of these behaviors. We previously reported that silencing of ERα in adult male mice with the use of a virally mediated RNAi method in the medial preoptic area (MPOA) greatly reduced sexual behaviors without affecting aggressive behaviors whereas that in the medial amygdala (MeA) had no effect on either behavior. It is well accepted that testosterone stimulation during the pubertal period is necessary for the full expression of male-type social behaviors. However, it is still not known whether, and in which brain region, ERα is involved in this developmental effect of testosterone. In this study, we knocked down ERα in the MeA or MPOA in gonadally intact male mice at the age of 21 d and examined its effects on the sexual and aggressive behaviors later in adulthood. We found that the prepubertal knockdown of ERα in the MeA reduced both sexual and aggressive behaviors whereas that in the MPOA reduced only sexual, but not aggressive, behavior. Furthermore, the number of MeA neurons was reduced by prepubertal knockdown of ERα. These results indicate that ERα activation in the MeA during the pubertal period is crucial for male mice to fully express their male-type social behaviors in adulthood.
Testosterone plays a central role in the facilitation of male-type social behaviors, such as sexual and aggressive behaviors, and the development of their neural bases in male mice. The action of testosterone via estrogen receptor (ER) α, after being aromatized to estradiol, has been suggested to be crucial for the full expression of these behaviors. We previously reported that silencing of ERα in adult male mice with the use of a virally mediated RNAi method in the medial preoptic area (MPOA) greatly reduced sexual behaviors without affecting aggressive behaviors whereas that in the medial amygdala (MeA) had no effect on either behavior. It is well accepted that testosterone stimulation during the pubertal period is necessary for the full expression of male-type social behaviors. However, it is still not known whether, and in which brain region, ERα is involved in this developmental effect of testosterone. In this study, we knocked down ERα in the MeA or MPOA in gonadally intact male mice at the age of 21 d and examined its effects on the sexual and aggressive behaviors later in adulthood. We found that the prepubertal knockdown of ERα in the MeA reduced both sexual and aggressive behaviors whereas that in the MPOA reduced only sexual, but not aggressive, behavior. Furthermore, the number of MeA neurons was reduced by prepubertal knockdown of ERα. These results indicate that ERα activation in the MeA during the pubertal period is crucial for male mice to fully express their male-type social behaviors in adulthood.
estrogen receptor α | pubertal period | testosterone | medial amygdala | social behavioral network T estosterone plays a central role in the regulation of male-type social behaviors in many mammalian species. It is known that testosterone facilitates the expression of sexual and aggressive behaviors through two kinds of actions. During the developmental period, testosterone exerts its "organizational action" to irreversibly masculinize the sexually undifferentiated brain and build the male-type neural network. In adulthood, testosterone exerts "activational action" to regulate the function of the fully masculinized neural network. As well as acting through androgen receptors (ARs), testosterone also acts through estrogen receptor (ER) α or ERβ, after being aromatized to estradiol (E2). Because the expression of sexual and aggressive behaviors is greatly reduced in aromatase knockout (ArKO) and ERα knockout (αERKO) male mice, aromatization of testosterone and its action via ERα have been suggested to be crucial for the facilitation of male-type social behaviors in mice (1) (2) (3) (4) (5) (6) (7) (8) . However, the exact timing and brain site(s) of ERα activation crucial for the expression of sexual and aggressive behaviors remain undetermined.
In our previous study, we demonstrated site-specific involvement of ERα in the activational action of testosterone by using a virally mediated RNAi method. In this study, knocking down of ERα in the medial preoptic area (MPOA) of gonadally intact adult male mice suppressed sexual behavior while in the ventromedial nucleus (VMN) of hypothalamus reduced both sexual and aggressive behaviors (9) . On the other hand, ERα silencing in the medial amygdala (MeA) did not affect either behavior (9) , contrary to our predictions. Numerous studies have shown that neurons in the MeA express a high level of ERα (10) (11) (12) and play a role in the facilitation of both male sexual and aggressive behaviors (13) (14) (15) (16) (17) (18) . However, consistent with our findings, Paisley et al. (19) reported that the site-specific suppression of ERα with antisense in the MeA did not affect the expression of sexual behavior in gonadally intact male rats. Considering these findings, we hypothesized that ERα in the MeA may be involved in the organizational action of testosterone.
In addition to the classically known perinatal critical period, it is now well-documented that testosterone may also exert its organizational action during the pubertal period. Studies using male Syrian hamsters have reported that deprivation of testosterone during this period leads to an irreversible alteration in male-type social behaviors, tested in adults with testosterone replacement (20) (21) (22) (23) . Moreover, it is known that structural sexual dimorphism in the MeA reported in adult rats and hamsters is due to irreversible changes induced by testosterone during the pubertal period (24, 25) . However, it is not known whether ERα may be involved in the pubertal organizational action of
Significance
Testosterone stimulation during the pubertal period is necessary for the full expression of male-type social behaviors. However, it is not known whether estrogen receptor (ER) α may be involved in pubertal organizational action of testosterone on the regulation of male-type social behaviors. In this study, we showed that the prepubertal knockdown of ERα in the medial amygdala (MeA) of gonadally intact male mice reduced both sexual and aggressive behaviors as well as the number of MeA neurons later in adulthood. These results indicate that not only aromatization but also ERα expression in the MeA during the pubertal period is required for organizational action of testosterone to fully masculinize neural circuitry responsible for the expression of male-type social behaviors.
testosterone on the regulation of male-type social behaviors and/ or formation of sexually dimorphic brain structure.
In the present study, we performed site-specific ERα knockdown before the onset of puberty in male mice with the use of an AAV-mediated RNAi method and examined the effects on the expression of male sexual and aggressive behaviors in adults (experiment 1). Among a number of brain areas expressing high levels of ERα, we focused on the MeA, in which ERα silencing only in adulthood had no effects on both behaviors, and on the MPOA, where it disrupted sexual, but not aggressive, behaviors. In addition, we investigated the effects of prepubertal ERα knockdown on sexually dimorphic brain morphology of the MeA (experiment 2). MeA. Prepubertal knockdown of ERα in the MeA caused a great reduction of sexual behavior in adult male mice (Fig. 1A) Prepubertal ERα silencing in the MeA also caused a great reduction of the aggressive behaviors tested in adult ( Fig. 1 B  and C) . Repeated measurements ANOVA revealed that the total duration (treatment, F 1,30 = 17.093, P < 0.01; treatment × test number, F 2,60 = 3.394, P < 0.05) (Fig. 1B ) and the number (treatment, F 1,30 = 12.618, P < 0.01; treatment × test number, F 2,60 = 0.175, N.S.) (Fig. 1C ) of aggressive bouts were significantly reduced in the MeA-αERKD group compared with the MeA-control group. We found that the control group consistently showed longer total duration of aggressive bouts than the αERKD group in all three tests (by Bonferroni post hoc test: tests 1 and 2, P < 0.01; test 3, P < 0.05) even though there was a significant interaction between treatment and test number. MPOA. Knocking down of ERα in the MPOA caused a great reduction of sexual behaviors ( Fig. 2A) whereas it did not affect the levels of aggressive behaviors ( Fig. 2 B and C) . MPOA-αERKD mice rarely showed any components of sexual behaviors in all three tests. Repeated measurements ANOVA revealed that the number of attempted mounts (treatment, F 1,21 = 11.376, P < 0.01; treatment × test number, F 2,42 = 0.101, N.S.), mounts (treatment, F 1,21 = 14.826, P < 0.01; treatment × test number, F 2,42 = 1.615, N.S.), and intromissions (treatment, F 1,21 = 9.338, P < 0.01; treatment × test number, F 2,42 = 1.103, N.S.) were significantly reduced in MPOA-αERKD compared with the MPOA-control group ( Fig. 2A) .
Results
Unlike sexual behavior, MPOA-αERKD mice showed equivalent levels of aggressive behavior toward male intruder stimuli as mice in the MPOA-control group ( Fig. 2 B and C ). There were no statistically significant differences between MPOA-αERKD and MPOA-control groups in the total duration (treatment, Quantification of ERα-immunopositive cells along the rostralcaudal axis further confirmed that the site-specific injection of AAV-shERα caused a great reduction of ERα expression in the target areas without affecting the expression in adjacent areas. In the MeA injected mice, an ∼70% reduction of ERα-positive cells in the MeA region (see Fig. S1C for definition) was observed in the MeA-αERKD compared with the MeA-control group (treatment, F 1,30 = 111.149, P < 0.01) (Fig. 3A) as shown in the representative photomicrographs (Fig. 3B ). On the other hand, the number of ERα-positive cells in the basomedial amygdala (BMA), the area adjacent to the MeA (see Fig. S1C for definition), was not affected (F 1,30 = 0.587, N.S.) (Fig. S3A ). In the MPOA injected mice, an ∼84% reduction of ERα-positive cells in the MPOA region (see Fig. S1F for definition) was observed in the MPOA-αERKD group compared with the MPOA-control group (treatment, F 1,21 = 342.083, P < 0.01) (Fig. 3C ), as shown in the representative photomicrographs (Fig. 3D ). In the ventral portion of the bed nucleus of the stria terminalis (BNST), the area adjacent to the MPOA (see Fig. S1F for definition), there was no treatment group difference in the number of ERα-positive cells (F 1,21 = 1.075, N.S.) (Fig. S3B ). (Fig. 4A) . In contrast to the neuronal cell number, there was no difference in the volume of the MeA between MeA-αERKD mice and MeA-control mice [t(9) = 1.591, N.S.] (Fig. 4B ).
In the uninjected reference groups used for examination of sex differences of the MeA morphology, both number of neurons [t(6) = 5.794, P < 0.01] (Fig. 4A ) and the regional volume [t(6) = 3.446, P < 0.05] (Fig. 4B) were significantly greater in gonadally intact males compared with gonadally intact females.
Discussion
This study aimed to investigate the involvement of ERα and its site specificity in the pubertal organizational action of gonadal steroids on the regulation of male-type social behaviors. The onset of puberty in rodents is known to be around postnatal day (PND) 28. In male mice, testosterone production in testis begins to rise around PND 28, and plasma concentration also starts to rise around PND 30 (26, 27) . In our pilot experiment, we observed the uptake of vectors by ∼90% of neuronal cells at as early as the fifth day after injection (Fig. S5 A and B) . We also confirmed that a 5-d interval was sufficient for the AAV-shERα to almost completely silence the expression of ERα in the target area after AAV injection on PND 21 (Fig. S5C) . Therefore, it is assumed that ERα must have been absent in the targeted area well before the mice used in the present study reached the age of puberty onset.
In experiment 1, we found that prepubertal ERα knockdown in the MeA greatly reduced both sexual and aggressive behavior in male mice tested in adulthood. It should be noted that AAVshERα used in this study irreversibly knocked down ERα expression in transfected cells. However, we have previously shown that site-specific injection of AAV-shERα in the MeA at 16 wk of age (well after the end of the pubertal period) did not affect the expression of sexual or aggressive behaviors in male mice (9) . Thus, behavioral alterations found in the present study must be due to the lack of ERα activation by testosterone in the MeA during the pubertal period. It should be noted that all mice were tested as gonadally intact in the present study. Therefore, it is expected that endogenous testosterone action via ARs was intact. In addition, testosterone action via ERα and ERβ, after being aromatized to estradiol, was not disrupted except that through ERα in the target region. Nevertheless, prepubertal, but not postpubertal, ERα knockdown in the MeA greatly altered both sexual and aggressive behaviors in adults. These facts indicate that the ERα in the MeA is crucial for the pubertal organizational action of testosterone on male-type social behaviors.
It may be argued that the behavioral alteration may simply be due to reduced levels of testosterone at the time of testing, potentially caused by prepubertal ERα knockdown. This possibility cannot be completely ruled out because we did not measure circulating levels of gonadal steroids at the time of behavioral tests in the present study. However, this possibility seems less likely because previous studies have reported that adult αERKO male mice have rather elevated levels of testosterone (28, 29) . Nevertheless, it is necessary to investigate whether similar behavioral effects of prepubertal ERα knockdown may be observed in mice gonadectomized and treated with a fixed amount of testosterone before behavioral testing in adulthood. More importantly, prepubertal knockdown of ERα in the MeA may have affected onset of puberty itself, including timing and/or magnitude of pubertal testosterone rise, and may have caused behavioral alterations found in the present study. This possibility, which further suggests the importance of ERα in the MeA for the regulation of puberty onset, needs to be addressed in future studies.
In contrast to the findings in the MeA, the effect of ERα silencing in the MPOA before the onset of puberty did not differ from that induced by AAV-shERα injection in adulthood. In our previous study, knocking down of ERα in the MPOA at 16 wk of age greatly reduced the expression of male sexual, but not aggressive, behaviors (9) . These results suggest that ERα activation in MPOA neuronal cells at the time of testing in adults is necessary for induction of sexual behaviors. However, we could not determine whether ERα stimulation during the pubertal period may also be necessary for the full masculinization of male sexual behavior because prepubertal injection of AAV-shERα permanently blocked ERα gene expression in the MPOA. Thus, this possibility still needs to be probed using different techniques in a future study. On the other hand, as for aggressive behavior, we found that lack of ERα in the MPOA even before the onset of puberty did not affect the expression of this behavior in adult. Therefore, it is concluded that ERα gene expression in the MPOA is not involved in the regulation of male aggressive behaviors by aromatized testosterone in terms of both pubertal organizational action and activational action in adult. However, it remains to be determined in future studies whether and how ERα in the MPOA may be responsible for perinatal organizational action of testosterone.
In our previous study investigating the effects of site-specific ERα knockdown in adults, we found that activation of ERα in the VMN at the time of testing is necessary for the induction of both sexual and aggressive behaviors in male mice (9). Lee et al. (30) have also shown that ERα-expressing neurons in the ventrolateral subdivision of the VMN regulate the expression of various social behaviors, including both sexual and aggressive behavior in the activity level-dependent manner in adult male mice. These reports together clearly suggest the significant contribution of ERα in the VNM for the facilitation of male social behaviors. However, whether ERα stimulation during the pubertal period may also be necessary for the full masculinization of male sexual and aggressive behaviors remain unknown.
Differential effects of prepubertal ERα knockdown in the MeA and MPOA suggest that the role of ERα for masculinization of neural circuitry for male social behaviors through organizational action of gonadal steroids is site-specific. To further characterize the effects of prepubertal ERα knockdown in the MeA at neuroanatomical levels, we performed thorough analysis of MeA cells (experiment 2). We found that the number of neuronal cells was reduced in the MeA-αERKD group compared with the MeA-control group. A similar difference was also observed between males and females analyzed as a reference. It is known that MeA undergoes structural changes during the pubertal period in a sex-specific manner that leads to sexually dimorphic adult phenotypes in various species (24, 25, 31, 32) . In gonadally intact rats, it is reported that a greater number of neuronal cells were proliferated in the MeA during the pubertal period in males compared with females and that these sexual differences were eliminated by prepubertal gonadectomy (24) . In contrast, gonadectomy in adulthood did not affect the number of neuronal cells in the MeA of male rats (32) . Thus, the number of neuronal cells in the MeA undergoes irreversible change during the pubertal period in a gonadal steroid-dependent manner. Our findings showing a reduced number of MeA neurons in the MeA-αERKD group suggest that the presence of ERα is required for testosterone to masculinize the neuronal number in the MeA during the pubertal period. The importance of the MeA in the regulation of male-type social behaviors has been demonstrated in numerous studies (13) (14) (15) (16) (17) (18) . Particularly, the MeA plays a significant role in chemosensory information processing (15, 16, 33, 34) as part of the social behavior network in the CNS (35) . It relays socially meaningful signals to activate or inhibit various downstream brain sites, such as the MPOA, anterior hypothalamic area (AHA), and VMN, that are more directly involved in the execution of male sexual and aggressive behaviors (14, (36) (37) (38) (39) (40) . Thus, incomplete masculinization of the MeA may cause an improper functioning of the neural circuitry for the expression of male-type social behaviors. Testosterone and/or estradiol are involved in development of sexually dimorphic brain morphology by promoting cell proliferation, differentiation, or survival, or by inducing apoptosis in a sex-specific manner in certain brain regions (41) (42) (43) (44) (45) . However, the exact mechanisms of ERα-mediated action of testosterone for full masculinization of the MeA structure and function during the pubertal period still remain unknown and need to be elucidated in future studies. In addition, it is our great interest to identify the profile of the lost neuronal population(s) that might be responsible for the disruption of sexual and aggressive behaviors by prepubertal knockdown of ERα. Optogenetic stimulation of the GABAergic neuronal population in the posterodorsal region of the MeA has been shown to promote sexual and aggressive behaviors in a scalable manner in male mice (17) . Another study with pharmacogenomical manipulations has reported that aromataseexpressing neurons in the sexually dimorphic posterodorsal region of the MeA are necessary for both male and female mice to express their sex-specific forms of aggression whereas they do not seem to be crucial for the expression of sexual behaviors (18) . Further studies determining the identity of the lost neuronal population(s) in MeA-αERKD mice will provide further insight into the mechanisms of how exactly the function of the MeA is organized in a sex-specific manner.
Taken together, our results clearly demonstrated that the absence of ERα only in the MeA (while all of the other physiological conditions are kept intact) dramatically alters brain development and expression of male social behaviors in adults. To our knowledge, this study is the first study indicating that not only aromatization of testosterone but also ERα expression in the MeA during the pubertal period is absolutely necessary for testosterone to fully organize/masculinize neural circuitry governing male-type social behaviors. Furthermore, considering that the amygdala is a major region responsible for sex differences in socio-emotional states that become more prominent after the onset of puberty, our findings offer insights for better understating of the neuroendocrine basis of gender-specific neurobehavioral development in human adolescence.
Materials and Methods
Subjects. A total of 70 male and 4 female ICR/Jcl mice were used. All procedures were approved by the University of Tsukuba Institutional Animal Care and Use Committee and the University of Tsukuba Institutional Recombinant DNA Use Committee and were conducted strictly in accordance with National Institutes of Health guidelines. All efforts were made to minimize the number of animals and their suffering.
Design of shRNA for ERα Silencing. Adeno-associated virus (AAV) vectors expressing a small hairpin RNA (shRNA) against either the sequence specific for the ERα gene or the sequence specific for luciferase (LUC) as control were used. These vectors also expressed enhanced green fluorescent protein (GFP) as a reporter to visually detect transduced neurons. Details of shRNAs used in this study are described in Musatov et al. (46) and also in SI Materials and Methods.
Stereotaxic Surgery. Stereotaxic surgery for all experiments was performed on PND 21. After being weaned from their mothers, gonadally intact male mice were bilaterally injected with either AAV-shERα or AAV-shLUC in one of two brain regions: the medial amygdala (MeA) or medial preoptic area (MPOA). Each group was designated as MeA-αERKD, MeA-control, MPOA-αERKD, and MPOA-control. Detailed procedures of stereotaxic surgery are described in SI Materials and Methods.
Experimental Design. Experiment 1: Effects of the site-specific knockdown of ERα during the prepubertal period on the expression of male-type social behaviors. A total of 55 male mice received bilateral injection of AAV-shERα or AAV-shLUC in the MeA or MPOA (MeA-αERKD, n = 16; MeA-control, n = 16; MPOA-αERKD, n = 12; MPOAcontrol, n = 11) on PND 21. At 11 wk of age, all mice were individually housed in plastic cages (29 × 19 × 12 cm). Starting 1 wk later, they were tested for sexual and aggressive behaviors biweekly in an alternating manner. Behavioral tests were performed during the dark phase (starting 2 h after lights off) of the light-dark cycle under red light illumination. All tests were videorecorded and scored off-line by an observer not aware of the treatment of the mouse with the use of a digital event recorder program (Recordia 1.0b; O'Hara & Co., Ltd). After the completion of behavioral testing, all mice were transcardially perfused, and brain tissues were processed for immunohistochemistry of either ERα single or ERα-GFP double labeling. Eight MeA sections (Bregma −1.10 to −1.94) and nine MPOA sections (Bregma 0.38 to −0.58) were analyzed for the number and distribution of ERα-immunopositive cells. Experiment 2: Effects of site-specific knockdown of ERα during the prepubertal period on the morphological development of the MeA. A total of 11 male mice were bilaterally injected with either AAV-shERα or AAV-shLUC in the MeA (MeA-αERKD, n = 7; MeA-control, n = 4) on PND 21. At the age of 12 wk old, all mice were transcardially perfused, and brain tissues were processed for immunohistochemical labeling of GFP for confirmation of vector uptake in In uninjected reference groups, gonadally intact males had a significantly greater number of neuronal cells in the MeA compared with gonadally intact females (Right). (B) There was no difference between the MeAcontrol and MeA-αERKD groups in the regional volume of the MeA (Left) whereas gonadally intact males had greater regional volume compared with gonadally intact females (Right). **P < 0.01, *P < 0.05, as indicated. Data are presented as mean ± SEM. the targeted area, and for histological staining of Nissl substance with 0.2% thionin blue solution for stereological analysis of MeA neurons. Sections were also collected from uninjected gonadally intact 12-wk-old male (n = 4) and female (n = 4) ICR/Jcl mice. They were used for stereological analysis to examine sex differences in the MeA neuronal morphology as a reference for evaluation of demasculinization caused by prepubertal ERα silencing.
Statistics. Behavioral data and the number of ERα-immunopositive cells were analyzed by two-way ANOVAs for repeated measurements. ANOVAs were followed by a Bonferroni post hoc test when appropriate. The number of neuronal cells and the regional volume across treatment were compared using independent t tests. Statistically significant differences were considered when P < 0.05 (two-tailed). All data are presented as mean ± SEM. All data were analyzed using the SPSS 19.0 (SPSS Inc.) statistical package.
The detailed procedures of sexual and aggressive behavioral tests, brain tissue preparation, immunohistochemistry, ERα-immunopositive cell count, and stereological analysis are described in SI Materials and Methods.
